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ABSTRACT In hippocampal and other cortical neurons,
action potentials are followed by afterhyperpolarizations
(AHPs) generated by the activation of small-conductance
Ca21-activated K1 channels (SK channels). By shaping the
neuronal firing pattern, these AHPs contribute to the regu-
lation of excitability and to the encoding function of neurons.
Here we report that CA1 pyramidal neurons express an AHP
current that is suppressed by apamin and is involved in the
control of repetitive firing. This current presents distinct
kinetic and pharmacological features, and it is modulated
differently than the apamin-insensitive slow AHP current.
Furthermore, our in situ hybridizations show that the apamin-
sensitive SK subunits are expressed in CA1 pyramidal neu-
rons, providing a potential molecular correlate to the apamin-
sensitive AHP current. Altogether, these results clarify the
discrepancy between the reported high density of apamin-
binding sites in the CA1 region and the apparent lack of an
apamin-sensitive current in CA1 pyramidal neurons, and they
may explain the effects of this toxin on hippocampal synaptic
plasticity and learning.

In many neurons of the central nervous system, action poten-
tials are followed by a rise in intracellular Ca21 leading to a
prolonged afterhyperpolarization (AHP) of the membrane
(1–4). The currents underlying the AHP are mediated by
small-conductance voltage-insensitive Ca21-activated K1

channels (SK channels), and they can be classified into two
groups on the basis of their kinetic and pharmacological
properties (5): (i) IAHP is sensitive to the bee venom toxin
apamin and presents a relatively fast activation and decay (6);
(ii) sIAHP (where s stands for slow) is apamin insensitive, rises
to peak and decays with time constants of several hundreds of
milliseconds, and is modulated by many neurotransmitters (1,
4). Functionally, activation of IAHP controls the firing fre-
quency in tonically spiking neurons, whereas activation of
sIAHP leads to spike frequency adaptation (5). While most
excitable cells present an apamin-sensitive IAHP, only a few
nerve cells exhibit an apamin-insensitive sIAHP, or both types
of currents (4, 5). In the hippocampus, electrophysiological
experiments have so far shown a peculiar segregation of AHP
currents in different types of neurons, with pyramidal neurons
presenting exclusively sIAHP (1, 7), and oriens–alveus inter-
neurons only IAHP (8). These results are in contrast with studies
on the distribution of apamin-binding sites in rat brain sections,
which show the highest density in the hippocampal CA1 region
(9, 10).

Three members of the SK family of K1 channels have
recently been cloned (11). All of them are voltage-insensitive
and activated by submicromolar intracellular Ca21. Two of
them, SK2 and SK3, are blocked by apamin, whereas SK1 is
apamin insensitive (11). Given these features, the SK channel
subunits cloned so far are likely to participate in the formation

of native SK channels, giving rise to apamin-sensitive and
-insensitive AHP currents in different neurons.

In this study, we have used a combination of electrophysi-
ological and pharmacological tools to reveal the presence of an
apamin-sensitive AHP current, IAHP, in CA1 pyramidal neu-
rons, and we have demonstrated by in situ hybridization that
the apamin-sensitive SK subunits potentially underlying this
current are highly expressed in these cells. These results
reconcile the discrepancy between the high density of binding
sites for apamin detected in the CA1 layer (9, 10) and the
apparent lack of apamin-sensitive currents in CA1 pyramidal
neurons (1, 7). The apamin-sensitive IAHP characterized here
presents a different modulation profile by neurotransmitters in
comparison with sIAHP, and it seems to play a role in the
control of repetitive firing and in the regulation of excitability
of CA1 pyramidal neurons.

METHODS

In Situ Hybridization. In situ hybridization was performed
on brain sections (10–16 mm) from male rats by using 35S-
labeled antisense and sense oligonucleotide probes according
to the procedure described in detail in ref. 12. For each SK
channel subunit, at least two antisense oligonucleotides cor-
responding to the 59 and 39 regions with no significant simi-
larity to the other known SK channel subunits were chosen
(SK1, 59-GGCCTGCAGCTCCGACACCACCTCATATGC-
GATGCTCTGTGCCTT-39 and 59-CAGTGGCTTTGTGG-
GCTCTGGGCGGCTGTGGTCAGGTGACTGGGC-39;
SK2, 59-AGCGCCAGGTTGTTAGAATTGTTGTGCTCC-
GGCTTAGACACCACG-39 and 59-CTTCTTTTTGCTGG-
ACTTAGTGCCGCTGCTGCTGCCATGCCCGCT-39; and
SK3, 59-CGATGAGCAGGGGCAGGGAATTGAAGCT-
GGCTGTGAGGTGCTCCA-39 and 59-TAGCGTTGGGGT-
GATGGAGCAGAGTCTGGTGGGCATGGTTATCCT-39).
The sense oligonucleotides had sequences complementary to
the second oligonucleotide listed for each channel, and they
were used to control for general background on adjacent
sections. Specificity of the observed signals was confirmed in
three ways: (i) identical hybridization patterns were obtained
with each pair of antisense oligonucleotides; (ii) hybridization
with a mixture of the same labeled and nonlabeled oligonu-
cleotide in 100- to 500-fold excess did not result in detectable
signal (Fig. 1D); and (iii) a mixture of labeled oligonucleotide
specific for a certain SK subunit and nonlabeled oligonucle-
otides for other SK subunits resulted in the same hybridization
pattern as obtained with the specific antisense oligonucleotide
alone. Specimens were exposed to Kodak Biomax x-ray film for
8–14 days. For cellular resolution, selected slides were dipped
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in photographic emulsion Kodak NTB2 and developed after
12–20 weeks. Congruent data were provided by x-ray film
images and emulsion-dipped slides. Brain structures were
identified according to ref. 13.

Electrophysiology and Pharmacology. Transverse hip-
pocampal slices (300 mm thick) were prepared from young
Wistar rats (18–30 days old) as described (14). During record-
ing, the slices were superfused with standard artificial cere-
brospinal f luid (ACSF) containing (mM): 125 NaCl, 25
NaHCO3, 1.25 KCl, 1.25 KH2PO4, 2.5 CaCl2, 1.5 MgCl2, and
16 glucose, saturated with 95% O2 and 5% CO2, at room
temperature (21–24°C). In voltage-clamp experiments tetro-
dotoxin (TTX; 0.5 mM) and tetraethylammonium (TEA; 1
mM) were added to the ACSF. Whole-cell gigaseal recordings
were obtained from CA1 pyramidal cells in the slice by using
the ‘‘blind’’ method (15). The patch pipette solution contained
(mM): 135 potassium gluconate, 10 KCl, 10 Hepes, 2 Na2ATP,
1 MgCl2, and 0.4 Na3GTP (pipette resistance: 3–6 MV);
8-(4-chlorophenylthio)adenosine 39,59-cyclic monophosphate
(8CPT-cAMP; 50 mM) was included to measure the apamin-
sensitive AHP current in isolation. All neurons included in this
study had a resting membrane potential below 255 mV (262 6
1 mV; n 5 55) and an input resistance of 218 6 5 MV (n 5
55). Using an EPC-9 amplifier (HEKA Electronics, Lambre-
chtyPfalz, Germany), we voltage-clamped cells at 250 mV
and, once every 30 s, applied depolarizing steps (100 ms long)
of sufficient amplitude (typically 160 to 170 mV) to elicit a

robust, unclamped Ca21 action current. The access resistance
(range 10–25 MV) and the amplitude and time course of the
Ca21 current during the step showed only minimal variations
during the recordings included in this study. Only cells with a
stable resting potential throughout the current-clamp proto-
cols (60.5 mV) were included in the analysis. Records were
filtered at 0.25–1 kHz and digitized at 1–4 kHz. All data were
acquired, stored, and analyzed on a Power Macintosh 7100y66
using the PULSE1PULSEFIT software (HEKA Electronics) and
IGOR PRO (WaveMetrics, Lake Oswego, OR). Values are
reported as mean 6 SEM. Student t test was used for statistical
comparisons between groups (a 5 0.05).

RESULTS AND DISCUSSION

As a first approach to the molecular identification of SK
channels in hippocampal neurons, we studied the expression of
SK1, SK2, and SK3 mRNA by in situ hybridization with
oligonucleotide probes. Examination of x-ray film images
revealed that all three subunits are present in the rat hip-
pocampus, displaying different expression patterns and abun-
dance. These data are in agreement with overview autoradio-
grams obtained with RNA probes (11). Analysis at cellular
resolution showed that the transcript for the apamin-
insensitive SK1 subunit was present at moderate levels in
pyramidal cells of the CA1 to CA3 region, whereas granule
cells in the dentate gyrus displayed a low level of SK1 mRNA

FIG. 1. Dark-field photomicrographs of sagittal and coronal sections through the rat hippocampal region hybridized with oligonucleotides
specific for SK1 (A), SK2 (B), and SK3 (C) and control (D). (E and F) High magnification of the CA1 region, showing expression of SK2 in
pyramidal neurons and in interneurons (arrowheads) in stratum radiatum (E) and in stratum oriens (F). CA1, CA3, pyramidal cell layer of the
CA1 and CA3 fields; DG, granule cell layer of the dentate gyrus; h, hilus proper; p, CA1 pyramidal cell layer; r, stratum radiatum; o, stratum oriens.
(Scale bars: A–D, 400 mm; E and F, 100 mm.)
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(Fig. 1 A). The SK3 subunit was expressed at low levels in the
pyramidal cell layer of the CA1 to CA3 fields, being slightly
elevated in dentate gyrus granule cells (Fig. 1C). By contrast,
the SK2 transcript was strongly expressed by CA1–CA3 pyra-
midal neurons as well as interneurons scattered in stratum
radiatum and oriens and in the dentate gyrus hilus (Fig. 1 B,
E, and F) but was slightly less abundant in dentate gyrus
granule cells (Fig. 1B). The predominance of the apamin-
sensitive SK2 subunit in stratum oriens interneurons fits with
electrophysiological data on the presence of an apamin-
sensitive AHP current in these cells (8). On the contrary, the
high expression of SK2 subunits in pyramidal neurons of the
CA1 and CA3 regions is not corroborated by electrophysio-
logical evidence, since the AHP current has been reported to
be apamin insensitive in these cells (1, 7). We therefore
decided to test whether an apamin-sensitive AHP current is
present in these neurons.

It has recently been reported that bicuculline, a blocker of
the g-aminobutyrate (GABA) type A receptor, suppresses an
apamin-sensitive AHP current in midbrain and thalamic neu-
rons at concentrations commonly used to block inhibitory
synaptic transmission (16–18). We investigated the effect of
this compound on the AHP current in CA1 pyramidal neurons.
The current was elicited as a tail current following an un-
clamped Ca21 current produced by a short depolarizing pulse,
in the presence of tetrodotoxin (0.5 mM) to block Na1 channels
(14). Bicuculline methochloride (10 mM) selectively and re-
versibly suppressed a faster current preceding and partially
overlapping with the slow AHP current, sIAHP, but had no
effect on sIAHP itself (Fig. 2A; n 5 5). The suppression of the
faster component might explain why in previous studies in
which bicuculline was used, this current was not detected (14).
Another substantial difference from previous work in which
the bicuculline-sensitive current was not reported (1, 19)
resides in the use of the whole-cell technique with a relatively
low and stable access resistance.

In the rest of this study, we characterized the current
revealed in the absence of bicuculline and tested whether it
corresponded to the voltage-independent, Ca21-activated
apamin-sensitive AHP current, IAHP. Whole-cell recordings
were obtained from 134 CA1 pyramidal neurons in rat hip-
pocampal slices. The bicuculline-sensitive current showed a
fast exponential decay with a time constant of 89 6 4 ms (Fig.
2B, left; n 5 30), and no voltage dependence. A similar time
course (76 6 6 ms; n 5 18) was estimated in the absence of
8CPT-cAMP, thereby excluding a possible effect of this com-
pound on the time course of this current. Compared with the
30-fold slower sIAHP (Fig. 2B, Right; decay time constant:
2,800 6 100 ms; n 5 17), and to the 5-fold faster IC, underlying
the fast AHP and presumably mediated by high conductance
Ca21-activated K1 channels [BK; (4)], the bicuculline-sensitive
current presented a time course of intermediate duration
(medium current). In all cells measured the medium current
coexisted with sIAHP, had a larger peak amplitude (medium
current, 120 6 8 pA; sIAHP, 54 6 5 pA; n 5 19), but the relative
sizes of the two currents varied from cell to cell (medium
currentysIAHP ratio ranged from 1.3 to 3.7). This observation,
together with the pharmacological separation by bicuculline,
suggests that they are independent currents. To characterize
the properties of the medium current in isolation, we included
the cAMP analogue 8CPT-cAMP in the pipette solution to
suppress sIAHP (14) (Fig. 2B Left). The reversal potential of the
medium current measured in isolation was 295 6 3 mV (n 5
5), fairly close to 2101 mV, the value predicted by the Nernst
equation for a K1-selective conductance.

Superfusion with Ca21-free solution led to a reversible
suppression of both medium current and sIAHP (Fig. 2E), or of
the medium current elicited in isolation (Fig. 2 C and E).
Similar results were obtained for both currents with the Ca21

channel blocker Cd21 (50–200 mM; Fig. 2 D and E), indi-

cating that inf lux of extracellular Ca21 is necessary for their
activation.

These results suggest that the medium current reversibly
blocked by bicuculline is indeed a voltage-independent, Ca21-
dependent K1 current, presenting kinetic features distinct
from those of the well characterized sIAHP in CA1 pyramidal
neurons.

We next tested whether the bicuculline-sensitive medium
current is blocked by the specific SK channel toxins apamin
and scyllatoxin in CA1 pyramidal neurons. Apamin suppressed
the medium current, when measured in the presence or in the
absence of sIAHP (Fig. 3 A and B). As previously shown (1),
apamin concentrations up to 200 nM did not affect sIAHP (Fig.
3A Right and F). The concentration of apamin producing a
half-maximal suppression of the medium current (IC50) was
'480 pM (Fig. 3C). The scorpion toxin scyllatoxin blocks

FIG. 2. Whole-cell recordings showing two distinct voltage-
independent Ca21-activated currents in CA1 pyramidal neurons. (A)
In the absence of bicuculline (Left), a 100-ms depolarizing pulse to 110
mV in the presence of tetrodotoxin (0.5 mM) and tetraethylammonium
(1 mM) elicits two distinct currents. In the presence of bicuculline (10
mM), the medium current (Medium) is blocked, whereas the slow AHP
current, sIAHP, persists unaffected (Right). (B) Representative exam-
ple of the medium current measured in isolation after suppression of
sIAHP by intracellular application of 8CPT-cAMP (50 mM; Left), in
comparison with sIAHP measured in the presence of apamin (50 nM;
Right). The decay time courses of both currents were fitted by
mono-exponential functions (dotted lines). (C) The medium current
is reversibly suppressed in nominally Ca21-free ACSF containing 5
mM Mg21. (D) The Ca21 channel blocker Cd21 (50 mM) produces a
partially reversible suppression of the medium current. (E) Bar
diagram summarizing the effects of Ca21-free medium and Cd21

(50–200 mM) on the medium current (left four bars) and sIAHP (right
three bars). Numbers of experiments are reported over the corre-
sponding bars.
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apamin-sensitive SK channels in hepatocytes and muscle cells,
and its receptors colocalize with the apamin-binding sites in
the central nervous system (20–23). Similarly to apamin,
scyllatoxin (50 nM) suppressed selectively the medium current,
without affecting sIAHP in CA1 neurons (Fig. 3 D and F). In
Fig. 3E, the effect of scyllatoxin is shown on the isolated
medium current. This is, to our knowledge, the first functional
demonstration that the target of this toxin is the same channels
as those blocked by apamin in the mammalian central nervous
system. Neither the effect of apamin nor that of scyllatoxin was
reversible. Finally, we tested the nicotinic acetylcholine recep-
tor blocker tubocurarine, known to block apamin-sensitive SK
channels in a variety of neuronal and nonneuronal cells
(24–27). Tubocurarine (50 mM; n 5 5) suppressed in a
reversible way the putative IAHP, without affecting sIAHP (Fig.
3F). Neither charybdotoxin (100 nM) nor iberiotoxin (50 nM)
or tetraethylammonium at low concentrations (1 mM), all
blocking high-conductance Ca21-activated K1 channels (BK),
affected the medium current or sIAHP (not shown). The
characteristic pharmacological profile of the medium current
adds a further line of evidence to the molecular and electro-
physiological data strongly supporting the presence of a ki-
netically and pharmacologically distinct apamin-sensitive IAHP
in CA1 pyramidal neurons.

A characteristic feature of sIAHP is its modulation by a large
number of neurotransmitters, leading to a reduction in spike
frequency adaptation and to an increased excitability of hip-
pocampal and other cortical neurons (5, 28). By contrast, no
direct modulation of the apamin-sensitive IAHP has so far been
reported in neurons of the mammalian central nervous system
(6, 29). We tested whether in CA1 pyramidal neurons IAHP is
modulated. Application of the b-adrenergic receptor agonist
isoproterenol, acting by means of cAMP–protein kinase A, led
to a complete suppression of sIAHP, as expected (Fig. 4 A and
D; see also ref. 14). By contrast, the peak amplitude of IAHP was
significantly increased by approximately 20% in all cells tested
(range: 7.2–31.5%; P 5 0.015; Fig. 4 A and D). This effect was
partly mimicked by the membrane-permeant cAMP analogue

8CPT-cAMP applied to the bath in 3 of 4 cells (range:
5.3–12%; P 5 0.045; Fig. 4D). The current enhanced by
isoproterenol or 8CPT-cAMP displayed a time course indis-
tinguishable from the control, and an unchanged sensitivity to
apamin (n 5 8; not shown). The cholinergic agonist carbachol,
acting through muscarinic receptors, produced a suppression
of sIAHP and a small reduction of IAHP (Fig. 4 B and D). A
quantification of the observed effects on IAHP amplitude is
nevertheless difficult, because (i) IAHP and sIAHP are partially
overlapping, to an extent variable from cell to cell (Fig. 4C),
leading to a possible decrease in IAHP amplitude as a conse-
quence of sIAHP suppression, and (ii) IAHP and sIAHP are likely
to be partly counterbalanced by an inward current. Thus,
blockade of IAHP and sIAHP disclosed a Ca21-dependent in-
ward current (Fig. 3 A, B, D, and E), most likely mediated by
nonselective cationic channels (30, 31). These results suggest
that neurotransmitters acting via the cAMP–protein kinase A
pathway might differentially modulate sIAHP and IAHP in CA1
neurons, producing a suppression of the former and a small,
but consistent, enhancement of the latter current, as in the case
of isoproterenol. By contrast, neurotransmitters acting via
other pathways, such as cholinergic agonists, seem to affect
selectively sIAHP, with little or no effect on IAHP. Further work
is needed to better quantify the effect of monoamines on IAHP
and on the counterbalancing inward current and to elucidate
the underlying mechanism.

To investigate the functional role of the apamin-sensitive
IAHP, we performed current-clamp recordings. In hippocampal
pyramidal cells, bursts of action potentials are followed by two
AHPs: a medium AHP (mAHP) lasting 50–100 ms (7), and a
slow AHP (sAHP) lasting several seconds (4, 5). In the
presence of bicuculline, two potassium currents have been
suggested to mainly contribute to the mAHP: the voltage-
dependent IM and the voltage- and Ca21-dependent IC (7). In
the absence of bicuculline, apamin (50 nM) reduced the mAHP
(Fig. 5A, filled arrowhead; n 5 5), without significantly affect-
ing the resting membrane potential and the sAHP (Fig. 5A,
open arrowhead). Furthermore, it produced a small increase in

FIG. 3. Pharmacological characterization of the bicuculline-sensitive current. At 50 nM, apamin (A) and scyllatoxin (D) selectively block the
medium current and do not affect sIAHP. The block of the medium current uncovers a Ca21-dependent inward current. Similarly, in B apamin (50
nM) and in E scyllatoxin (50 nM) block the medium current measured in isolation in the presence of 8CPT-cAMP. (C) Dose–response curve for
the block of the medium current by apamin. Data points were fit with a Langmuir isotherm, giving an IC50 value of '480 pM and a Hill coefficient
of 0.92. For each point n 5 3–7; error bars are SEM. (F) Bar diagram summarizing the effects of apamin (50 nM), scyllatoxin (ScyTx; 50 nM),
and tubocurarine (curare; 50 mM) on the medium current and sIAHP.
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the number and initial frequency of action potentials elicited
both by short (400-ms; not shown) and long (800-ms; Fig. 5B)
current pulses of different amplitudes (n 5 4), but had no
effect on spike frequency adaptation (n 5 4). sAHP and spike
frequency adaptation were instead fully suppressed by the
subsequent application of 8CPT-cAMP (Fig. 5 A and B Right;
n 5 4). Fig. 5C shows how apamin (50 nM) shortens the
interspike intervals in a short burst of action potentials (n 5
4), suggesting a role of the apamin-sensitive AHP in control-
ling the early frequency of firing. When the slow apamin-
insensitive AHP was suppressed by 8CPT-cAMP, further
addition of apamin produced an increase in the firing fre-
quency (Fig. 5D) by affecting the extent of membrane repo-
larization during each interspike interval. This effect of
apamin on the instantaneous firing frequency after the sup-
pression of sAHP by 8CPT-cAMP is shown in Fig. 5E. Thus,
the kinetics of IAHP seem best suited to underlie the mAHP,
together with IM and IC, and to affect the instantaneous firing
rate, contributing to set the duration of the interval between
action potentials in a train, rather than affecting long-term
changes of firing rate such as slow adaptation in CA1 pyra-
midal neurons, similarly to what has been observed in neo-
cortical Betz cells (3).

The main conclusion of this study is that CA1 pyramidal
neurons express an apamin-sensitive Ca21-activated K1 cur-
rent, IAHP, kinetically and pharmacologically distinct from the
well characterized sIAHP and contributing to the generation of
the medium AHP and to the regulation of their firing prop-
erties. This result is supported by our in situ hybridization data,

indicating that the apamin-sensitive SK subunits, SK2 and
SK3, are expressed in hippocampal pyramidal neurons. These
findings finally provide a molecular and electrophysiological
correlate to the high density of apamin-binding sites found
in the CA1 region by biochemical and histochemical methods
(9, 10).

The different pharmacological features of IAHP and sIAHP
might reflect the formation of different populations of homo-
and heteromultimeric SK channels in hippocampal pyramidal
neurons, since it was shown that cloned SK1 and SK2 subunits
can form heteromultimeric channels with an intermediate

FIG. 4. Differential modulation of IAHP and sIAHP by neurotrans-
mitters and second messengers. (A) The b-adrenergic receptor agonist
isoproterenol (0.5 mM) suppresses completely sIAHP and increases
IAHP. (B) The cholinergic agonist carbachol (2.5 mM) inhibits sIAHP
and produces a small decrease in IAHP peak amplitude. On the right,
the traces are displayed expanded and superimposed. (C) The decay
of IAHP and the rise time of sIAHP, measured in the same cell in the
presence of apamin, were fitted with monoexponential functions
(dashed lines) and overlap to an extent variable from cell to cell: small
overlap (Left), big overlap (Right). Depending on the degree of
overlap, a suppression of sIAHP would produce an apparent decrease
in IAHP peak amplitude. (D) Bar diagram summarizing the effects of
isoproterenol, 8CPT-cAMP, and carbachol on IAHP and sIAHP.

FIG. 5. The apamin-sensitive AHP plays a role in controlling the
firing properties of CA1 pyramidal neurons. (A) Apamin (50 nM)
reduces the medium (filled arrowhead) AHP, but not the slow AHP
(open arrowhead), which is instead suppressed by 100 mM 8CPT-
cAMP. The AHP was elicited by a spike burst in response to a 400-ms
depolarizing current pulse generating always the same number of
action potentials. Averages of five traces are shown. (B) Apamin (50
nM) produces an increase in the early firing frequency, without
affecting spike frequency adaptation. 8CPT-cAMP instead suppresses
adaptation. Same cell as in A. The depolarizing current pulses were 800
ms long and of constant strength. Membrane potential: 257 mV in A
and B. (C) Action potentials evoked by a 100-ms current injection.
Apamin (50 nM) modified the interspike trajectory and decreased the
interval between second and third spike, as shown by the superimposed
traces (Right). The reduction of medium AHP is also evident. Mem-
brane potential: 255 mV. (D) Application of 8CPT-cAMP (100 mM)
suppresses spike frequency adaptation. Addition of apamin (50 nM)
causes a further reduction in the interspike intervals, suggesting that
the apamin-sensitive AHP contributes to determine the firing rate. (E)
Plot of the firing frequency at different interspike intervals for the cell
displayed in D. The control (E) shows strong adaptation. 8CPT-cAMP
(100 mM; ■) suppresses spike frequency adaptation and increases the
number of spikes produced in response to the same stimulus strength.
Apamin (50 nM; F) further increases the instantaneous firing fre-
quency, with a stronger effect on the first intervals. Depolarizing
pulses: 70 pA, 800 ms. Membrane potential: 257 mV in D and E.
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sensitivity to apamin compared with homomeric apamin-
sensitive SK2 or apamin-insensitive SK1 channels in heterol-
ogous expression systems (32). The different kinetics of IAHP
and sIAHP are most likely not due to different subunit com-
positions of the underlying SK channels, because all cloned SK
channels characterized so far present a fast activation upon
binding of Ca21 to constitutively associated calmodulin (33).
The faster time course of IAHP might be closely related to the
time course of the intracellular Ca21 change occurring during
one or more action potentials (6, 29, 34), whereas the slow
kinetics of sIAHP might be due to mobilization of Ca21 from
intracellular stores (6), diffusion of Ca21 to the sAHP channels
from remote sites of entry (19, 35), or to delayed facilitation
of L-type Ca21 channels (36). In a recent interesting study, a
functional coupling has been proposed between SK channels
and L-type calcium channels in hippocampal neurons (37).
Our results add another level of complexity to that study,
posing the question whether the characterized channels be-
longed to the apamin-sensitive or -insensitive type. More
experiments are needed to clarify whether SK channels un-
derlying these currents are functionally coupled with different
sources of Ca21 in CA1 pyramidal neurons.

Two recent reports (38, 39) have presented evidence that
apamin facilitates synaptic enhancement or long-term poten-
tiation in aged or adult rats. Furthermore, there is evidence
that application of apamin in vivo improves learning and
memory retention in rats (40, 41). Taken together with our
results, these findings open a number of questions on the
possible role of apamin-sensitive SK channels in modulating
the integration of synaptic signals in hippocampal pyramidal
neurons.
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